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Abstract 

Over the past three decades of intense 
research on the contribution of viral and host 
factors determining the variability in HIV-1 
infection outcome, HIV pathogenesis is still a 
fascinating topic that requires further study. An 
understanding of the exact mechanism of how 
these factors influencing HIV pathogenesis is 
critical to the development of effective strate- 
gies to prevent infection. Significant progress 
has been made in identifying the role of CCR5 
(R5) and CXCR4 (X4) HIV strains in disease 
progression, particularly with the persistence of 
R5 HIV-1 strains at the AIDS stage. This indi- 
cates that R5 strains are as fit as X4 in causing 
CD4+ T cell depletion and in contribution to dis- 
ease outcome, and so questions the prerequi- 
site of the shift from R5 to X4 for disease pro- 
gression. In contrast, the ability of certain HIV 
strains to readily use CXCR4 for infection or 
entry into macrophages, as the case with virus- 
es are homozygous for tropism by CCR5delta32. 
This raises another major paradox in HIV patho- 
genesis about the source of X4 variants and how 
do they emerge from a relatively homogeneous 
R5 viral population after transmission. The 
interactions between viral phenotypes, tropism 
and co-receptor usage and how they influence 
HIV pathogenesis are the main themes 
addressed in this review A better understand- 
ing of the viral and host genetic factors involved 
in the fitness of X4 and R5 strains of HIV-1 may 
facilitate development of specific inhibitors 
against these viral populations to at least 
reduce the risk of disease progression. 



HIV primary infection 
and disease progression 

There are several viral and host factors 
determining the variability in HIV-1 infection 
outcome and in rates of disease progression in 
HIV-1 infected individuals. Cellular tropism 
which defines viral phenotype and receptor- 
coreceptors which determine viral entry into 
various cell types are the major factors influ- 
encing HIV pathogenesis. Despite the intense 
research for the last 25 years, the exact mech- 
anism of how these factors contribute to the 
dramatic loss of CD4+ T cells and the persist- 



ence of R5 and X4 strains during the AIDS sta- 
tus is still not well identified. 1 

Infection with HIV starts without symptoms 
or ill-feeling and is accompanied by slight 
changes in the immune system. This stage 
spans up to three months after infection until 
seroconversion where HIV-specific antibodies 
can be detected in individuals following recent 
exposure. The outcome of infection and dura- 
tion for disease progression with clinical 
symptoms may vary greatly between individu- 
als, but often it progresses fairly slowly. 2 It 
takes several years from primary infection to 
the development of symptoms of advanced HIV 
diseases and immunosuppression. 

During primary infection, although individ- 
uals may look healthy, the virus is actively 
replicating in the lymph nodes and blood 
stream of infected individuals. As a result, the 
immune system may get slowly damaged by the 
burst of viral load in their bodies. 3 

Symptomatic stage of disease indicates the 
late phase of HIV disease (AIDS) where indi- 
viduals may be susceptible to other opportunis- 
tic infections (OIs), 4 such as infections with 
Mycobacterium avium, Mycobacterium tuber- 
culosis, Pneumocystis carinii, CMV, toxoplas- 
mosis and candidiasis. It is agreed that infect- 
ed individuals develop an AIDS status when 
their plasma HIV load is high and the CD4+ T 
count is less than 200 mm 3 (Figure 1). The 
availability of the highly active anti retroviral 
therapy (HAART) may question the dilemma 
as to whether everyone who seroconverts to 
HIV will develop AIDS. 

One mechanism HIV weakens the immune 
system is by infecting and destroying CD4+ T 
cells, which in turn leads to immunodeficiency 
at later stage of disease. 5 HIV attaches to the 
CD4+ protein on the surface of these and 
other cells to gain entry. However, the presence 
of CD4+ molecules alone proves to be not 
enough to allow viral entry into other cell types 
such as monocytes and dendritic cells. 
Therefore, a second doorway is needed for the 
virus to gain access to infect cells. This led to 
the discovery of the chemokine receptor as 
essential coreceptors for HIV-1. There are dif- 
ferent types of these coreceptors for different 
cell types that HIV variants can use for infec- 
tion of cells. Two main chemokine receptors 
have been identified to play a major role in HIV 
entry, CCR5 and CXCR4 (or fusin). 



HIV tropism 

HIV-1 is one of the most polymorphic virus- 
es known and exists as a swarm of genetically 
related variants or quasispecies. The polymor- 
phic nature of HIV-1 can be directly attributed 
to its error prone reverse transcriptase and 
complexity of its cDNA formation. Together 



with other host factors, the evolution of the 
viral genome underlies all of the changes in 
the biological characteristics of HIV-1 includ- 
ing cytopathic ability, immune evasion, core- 
ceptor usage and tropism. 

HIV-1 strains can be subdivided into three 
main groups based on their cellular tropism. 
They are referred to as macrophage-tropic (M- 
tropic) with a non-syncytium-inducing (NSI) 
phenotype or T-cell line tropic (T-tropic) with a 
syncytium-inducing (SI) phenotype or dual- 
tropic HIV-1 strains. M-tropic NSI variants 
infect peripheral blood mononuclear cells 
(PBMC), monocytes, macrophages and T lym- 
phocytes but not T-cell lines and are present 
throughout all stages of infection/disease. 6 8 T- 
tropic SI isolates preferentially infect T lym- 
phocytes and T-cell lines but not monocytes or 
macrophages and emerge in late stages of 
infection and is associated with progression to 
AIDS. 9 On the other hand dual-tropic HIV-1 
variants infect both monocytes/macrophage 
and T-cell lines, and therefore have mixed viral 
population of NSI/SI phenotypes. 

The prevalence of SI strains usually corre- 
lates with rapid decline in CD4+ T cell count 
and the disease progression rate will be 3-5 fold 
faster than NSI strains. It is unclear whether 
the virus converts from an NSI to an SI strain, or 
an SI viral population emerges. It is worth not- 
ing that about 50% of people who die of AIDS 
still have a predominant NSI strain of HIV 

Defining the viral phenotype can be done by 
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examining its ability to infect and produce syn- 
cytia in the MT2 cell line, i.e. a classification 
can be made of SI versus NSI. It has been 
shown that the viral phenotype NSI/SI could 
also be defined genetically through the charge 
of, and amino acid substitutions, in the V3 loop 
of the HIV gpl20 envelop gene. 10 12 Since the 
discovery of the chemokine receptors as HIV 
co-receptors, it has been possible to under- 
stand these phenomena at a molecular level. 



HIV coreceptors 

The discovery of chemokine receptors as 
essential coreceptors required for HIV entry 
has to a large extent rationalised the basis of 
cellular tropism and better defined HIV entry 
into different cells. CCR5 is present on a broad 
range of cells that can be infected by HIV, 
including T cells, monocytes and macrophages. 
Different HIV strains may be encountered in 
the body of the patients which can be classified 
into three variants: M-, T- and dual-tropic. M- 
tropic HIV variants can infect monocytes, 
macrophages and T lymphocytes through 
using CCR5 (R5), but not T cell lines as these 
express primarily CXCR4. T-tropic variants, 
which use CXCR4 (X4) as their principal core- 
ceptor readily, infect T-cell lines and T lympho- 
cytes but not macrophages (Figure 2). 13 

Dual- tropic strains of HIV-1 utilise CCR5 and 
CXCR4 (R5X4) to enter macrophages and T cell- 
lines, respectively, but they can also utilise com- 
binations of major and minor coreceptors. 
Furthermore, there is coexpression of 
chemokine receptors, especially CCR5 and 
CXCR4, on most cell types, including blood and 
tissue macrophages, dendritic cells and T lym- 
phocytes. 14 Some primary, but not laboratory- 
adapted X4, T-tropic isolates can also enter 
macrophages via CXCR4 (dual-tropic X4 
strains). 15 Major and minor coreceptors are also 
coexpressed, and CCR3, in addition to CCR5, 
can be utilised by M-tropic strains in fetal 
microglial cells, 16 although there is no consis- 
tent agreement as to the relative importance of 
CCR3 and CCR5 in adult microglial cells. 

Thus the current classification of cellular 
tropism of HIV-1 relies on the differential 
expression of CCR5 and CXCR4 in mono- 
cytes/macrophages and T-cell lines. 6 7 CCR5 is 
important for NSI M-tropic strains (R5NSI) of 
HIV, most commonly observed in early stage of 
infection. On the other hand, CXCR4 mostly is 
associated with SI strains (X4SI) which are 
more pathogenic and they appear in some indi- 
viduals with more aggressive disease. The 
dual-tropic HIV-1 variants infect both mono- 
cytes/macrophage and T-cell lines either 
through CCR5 or CXCR4 (R5X4) respectively 
(Figure 2). We have reported a case of homozy- 
gote for CCR5 delat32/delta32 with ability of 




Figure 1. Role of R5 and X4 HIV strains in disease progression. A) Persistence R5 HIV-1 
strains at all stages of HIV infection particularly at the late stages of HIV infection where- 
as X4 HIV-1 strains emerge at the advanced disease stage only; B) the course of HIV infec- 
tion and disease. Levels of CD4 and viral load are shown to correlate with the progress of 
HIV infection and CD4+ T cell depletion. 
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Figure 2. Coreceptor usage determines viral entry into different cell types and uncovered 
the mystery of cellular tropism. Macrophages and primary T lymphocytes express CCR5 
and CXCR4 where T cell lines express only CXCR4. Macrophage (M) -tropic HIV-1 
strains infect macrophages and lymphocyte using CCR5, while T-cell line (T) -tropic 
strains infect lymphocytes and T cell lines (but not macrophages) by using CXCR4. All 
three cell types are infectable by the dual-tropic strains by using either coreceptors for 
entry. T lymphocytes are infectable by all strains of HIV. 
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the virus to enter various cell types including T 
lymphocytes and macrophages using solely 
CXCR4. 17 

Other chemokine receptors, principally 
CCR3 and CCR2b, function as minor HIV core- 
ceptors. 18 Coreceptors have also shown to 
mediate the entry of simian immunodeficiency 
virus and some M-tropic HIV-1 and HIV-2 
strains, including Bonzo/STRL33, Bob/GPR15, 
US28, CCR8, CX3CR1/V28, and CCR9 (APJ). 18 
Another coreceptor, GPR1, mediates the entry 
ofSIVbut not HIV-1. 



CCR5 polymorphism 

Naturally occurring mutations of CCR5 
influence susceptibility to HIV infection. A 32- 
nucleotide deletion in CCR5 (CCRdelta32) 
was found to be common in Caucasians, with 
heterozygosity being present in 20% of the 
population and homozygosity in 1%. CD4+ T 
lymphocytes and macrophages from individu- 
als homozygous for this mutant do not 
express functional CCR5 on the surface 
(CCR5 delta32/delta32) and cannot usually be 
infected with NSI R5 strains of HIV-1. 19 
Individuals with heterozygous genotype 
progress more slowly to AIDS and death than 
individuals with the wild-type CCRwt/wt 
genotype and are overrepresented among 
long-term nonprogressors. 20 Only a few 
homozygotes infected with HIV-1 have been 
reported. 17 21 23 The characterization of an HIV 
strain infecting one of these individuals has 
been studied by us, 17 and others. 2425 The viral 
quasispecies in these individuals were homo- 
geneous: T-tropic, syncytium inducing, uti- 
lized only CXCR4, and replicated well in T 
cells but not in macrophages. In our study, the 
HIV strain isolated from one individual was 
fully characterized for viral phenotype and 
genotype, macrophage tropism, and replica- 
tion kinetics in MT2 cell lines and in primary 
macrophages and T lymphocytes from siblings 
who were CCR5delta32/delta32 or CCR5wt/wt. 
The isolated virus demonstrated dual-tropism 
for infection of MT2 cell lines and primary 
macrophages. The virus was shown to utilize 
predominantly CXCR4 for entry into T lym- 
phocytes and macrophages using the 
HOS.CD4 cell infection assay, direct envelope 
protein fusion, and inhibition by anti-CXCR4 
monoclonal antibodies (12G5), SDF1, and 
AMD3100. In addition, sequencing of the full 
HIV genome directly from the patient's 
PBMCs revealed 21 nucleotides insertion in 
the VI region of gpl20. The virus envelope 
sequence segregated apart from both the T- 
cell-line-adapted tropic strains NL43 and SF2 
and M-tropic strain JRFL or YU2 by phyloge- 
netic tree analysis. 



Macrophage tropism 
and disease progression 

Macrophages act as major reservoirs for 
HIV-1 in tissues of the body. HIV infected 
macrophages may be found in brain, lungs, 
lymph nodes, skin, bone marrow and blood of 
seropositive individuals. 26 They are the main 
source of productive infection in brain, and 
HIV infected macrophages in lymph nodes 
produce large amounts of viral particles. 
Infection with HIV-1 persists for weeks or 
months after commencement of highly active 
retroviral therapy (HAART). Monocytes/ 
macrophages are believed to serve as vehi- 
cles for dissemination of HIV between differ- 
ent tissues of the body. 26 Macrophages may 
play a key role in regulating the intensity and 
progression of disease in HIV infection, with 
their secretory products being implicated in 
the pathogenesis of AIDS dementia 
complex. 27 

The variability in susceptibility and produc- 
tivity of infection shown here between neona- 
tal and adult cells may be due to differences 
in the expression of chemokine receptors 
such as CCR5, CXCR4, CCR3 and CD4. 
However, CD4 expression has no contribution 
to the differential tropism and replication 
demonstrated between both cell types (Naif 
HM et al., 2002; unpublished data), which 
may highlight the utilization of CCR3 in 
neonatal cells but not in adult. Whether this 
indicates a functional role of CCR3 and/or has 
implications in vertical transmission, it 
requires further investigation. CXCR4 is 
expressed reasonably well on monocytes and 
macrophages, 6 and can be used by some SI 
and dual-tropic primary isolates. 151728 

Progression of acute HIV-1 infection to 
AIDS is accompanied by immune dysregula- 
tion and susceptibility to OIs. 4 Accompanying 
these events, a change in HIV-1 dynamics 
involves an increased representation of HIV-1 
positive macrophages hosts, in addition to 
CD4+ T cells. Although in the context of 
HAART, OIs are minimized as immune ^con- 
stitution occurs, HAART is neither universal- 
ly available nor fully successful, requiring 
continued dissection of the mechanisms 
underlying augmented viral replication. The 
impact of OIs on macrophages susceptibility 
to HIV infection and replication revealed mul- 
tiple contributing permissive factors. These 
include upregulation of viral coreceptors, 
activation of NF and production of TNF-alpha 
leading to induction of HIV replication in 
infected macrophages. 29 In addition; apopto- 
sis of T cells is also shown to act as a potent 
antiviral strategy to purge infected lymphoid 
cells. This approach fails to counter the per- 
sistence of HIV-1 infection in tissue 
macrophages and reservoirs monocytes. 



Role of R5 and X4 HIV-1 
variants in disease progression 

Many distinct strains of HIV-1 have been 
isolated, and their variability in biological, 
serological, and molecular features indicate 
the virus is highly heterologous. These differ- 
ences, again become apparent in the level of 
virus entry, replication kinetics, production the 
modulation of CD4 expression, cytopathicity, 
latency and inducibility, genetic evolution, 
viral tropism and coreceptor usage. 7 ' 8 ' 30 31 

R5 M-tropic strains are dominant in the 
early stages of infection, and more importantly 
they persist to advanced stages of disease. In a 
progressive study we have shown the impor- 
tance of macrophages, the persistence and role 
of R5 M-tropic HIV-1 strains in disease pro- 
gression. 7 These R5 strains from the advanced 
stage of disease are biologically fit and more 
infectious than those derived from the early 
time of infection (Figure 1). They are able to 
infect productively monocytes and 
macrophages. On the other hand, the R5 vari- 
ants appear to be restricted in replication, par- 
ticularly in undifferentiated monocytes at the 
level of viral entry. 7 30 Thus, R5 from patients 
with AIDS seem to have an enhanced cytopath- 
ic activity and higher affinity for binding to 
CD4 and/or CCR5. We have shown that X4 vari- 
ants are absent in approximately 60% of HIV-1 
infected patients at the very advanced stage of 
disease (Figure 1A). It has been shown that 
HIV-1 infects macrophages and microglia in 
the central nervous system and causes HIV- 
associated dementia in 10% of patients with 
AIDS. 32 This raises the possibility of interac- 
tions and/or contributions of multiple factors 
exerted in maintaining R5 persistence, such 
as the effect of viral evolution, specific host 
genetic factors and immune system pressure. 
In addition we have also shown that infection 
of monocyte and macrophage by HIV-1 is regu- 
lated by various factors. 33 These factors, in 
brief, include cell maturation and differentia- 
tion, 6 sensitivity to beta-chemokines, 34 and 
cytokines. 35 36 

Years after chronic infection is established, 
CXCR4 utilizing strains emerge in approxi- 
mately 40% of infected individuals. The impor- 
tance of the emergence of X4 strains in late 
stages of infection has always been directed 
towards their role in in immunodeficiency and 
rapid progression to AIDS. This is due to the 
seemingly obvious association between their 
enhanced cytopathicity and replicative ability 
linked to CD4+ T-cell depletion in late stages 
of infection. However, the mechanism by 
which X4 viruses are associated with acceler- 
ated disease progression has never been prop- 
erly elucidated. The acceleration of HIV-1 dis- 
ease progression has been attributed to the 
expanded spectrum of CXCR4+ precursor cells 
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susceptible to infection by X4 strains. It has 
also been postulated that the decline of the 
host immune system associated with clinical 
AIDS may allow X4 viruses to evolve and repli- 
cate freely in late-stage infection. 37 
Furthermore, a critical question must be 
asked: how are X4 strains maintained at such 
high levels during late stages of infection 
when one of the main cell targets, CD4+T 
cells, are significantly depleted? At the same 
time macrophages as the other major target 
cells and 60% were infected by X4 strains and 
only 10% were shown to be resistant (Naif HM 
et al. 2002; unpublished data). This is still a 
major paradox in HIV pathogenesis and raises 
a few questions. What is the source of these X4 
variants? How do they emerge from a relative- 
ly homogeneous R5 viral population after 
transmission? What factors (viral and host fac- 
tors) contribute to their emergence? 



Chemokines and cytokines 

Multiple factors that associated with inflam- 
mation and immune activation appear to con- 
tribute to the permissiveness of mononuclear 
phagocytes (and other cell types) to HIV infec- 
tion, particularly at the advanced course of dis- 
ease. Environmental factors such as different 
cytokines and chemokine exhibited different 
profiles which may influence disease progres- 
sion and HIV pathogenesis. 38 It has been 
shown that viral replication can be stimulated 
by vaccination, cytokine induction, beta 
chemokines, endotoxins and opportunistic 
infections by various pathogens. 

Thl and Th2 cytokines play an important 
role in the pathogenesis of HIV infection and 
development of AIDS. In individuals infected 
with HIV, the normal Thl response to viral 
infection is shifted to Th2 response. 39 

Many cytokines such as TNF-alpha and 
-beta, IL-1, IL-2, IL-3, IL-12, MCSF, GMCSF and 
IL-6 can enhance the replication of HIV and 
also play a key role in AIDS associated malig- 
nancies. 3640 In contrast, other cytokines such 
as IFN-alpha and -beta inhibit HIV replication 
whereas TGF-beta, IL-4, IL-10, IL-13 and IFN- 
gamma have dichotomous effects on HIV repli- 
cation, being stimulatory or inhibitory depend- 
ing on cell types and experimental condi- 
tions. 3536 IL-1 6 effect on HIV replication where 
most of the study have been done in cell-lines, 
it exerted an inhibitory effect on HIV-1 replica- 
tion. 41 In our study using macrophages, IL-1 6 
inhibited both R5 and X4 strains of HIV-1 repli- 
cation and this inhibition was independent to 
its effect on chemokine receptors CCR5 and 
CXCR4 as well as CD4. 42 43 

The interactions among chemokine recep- 
tors, chemokines, and HIV are likely to be crit- 
ical to the pathogenesis of HIV disease. The 



interactions among chemokine receptors, 
chemokines, and HIV are likely to be critical to 
the pathogenesis of HIV disease. 43 The ligands 
for CCR5 (RANTES, MlP-lalpha, and MIP- 
lbeta) and CXC chemokine receptor 4 (stro- 
mal-derived factor-1, SDF1) have been demon- 
strated to inhibit HIV entry into CD4+ T cells 
and PBMCs, as well as monocytic and CD4+ T 
cell lines. 1944 Given these inhibitory effects, 
increased production of these proteins has 
been suggested to be a protective host immune 
response against HIV infection and disease 
progression. 44 The effects of beta-chemokines 
on HIV replication in monocytes and 
macrophages, using different experimental 
conditions was conducted by our group to ana- 
lyze the effects of timing of exposure to beta- 
chemokines on HIV replication in monocytes 
and MDM in vitro. Beta-chemokine exposure 
produced dichotomous effects on HIV replica- 
tion in this system. 

Primary SI strains resistant to beta- 
chemokines. 45 They in fact upregulate T-tropic 
strains in CD4 T-cells but sensitive to SDF1. 41 
Recently dysregulation of expression of 
cytokines and chemokines in HIV has been 
demonstrated. 46 
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